Introduction
Our understanding of ultrafast laser interactions with materials has come a long way since MRS Bulletin published a theme issue on the topic 10 years ago. 1 The most signifi cant advances have resulted from our continued understanding of the atomistic mechanisms and dynamics that control the material response. Both theoretical and experimental work have contributed to these advances that are reviewed in the articles in this issue.
There is still much to learn about fundamental laser-solid interactions. We have only just scratched the surface, and tremendous opportunities exist to exploit the extreme conditions that are attainable with ultrafast laser interactions. New computational tools and powerful parallel processing ability will enable us to tackle time-dependent excited-state phenomena that are far from the ground-state Born-Oppenheimer surface.
Real opportunities in laser-solid interactions exist for the following reasons: (1) The ultrafast time scale can limit the material interaction with the laser fi eld to only electronic excitation and leave the remaining ions with their roomtemperature velocity distribution; (2) the extreme conditions that a material can be brought to in temperature and pressure; (3) control of defect production at relatively low fl uence; (4) capability of three-dimensional (3D) micro-and nanoprocessing; and (5) new opportunities in new materials classes, including biological and carbon-based materials.
A steady stream of applications has already resulted from our fundamental understanding of ultrafast laser-solid interaction. Some of these have achieved mainstream industrial adoption (e.g., femtosecond [fs] laser surgery 2 ). If anything can be said about the 10 years since the last MRS Bulletin theme issue on ultrafast lasers and materials research, it is that there has been an explosion in the fundamental understanding (see the Shugaev et al. and Abere et al. articles in this issue), applications (see Jiang et al. in this issue), and technologies to develop tools for those applications (see Mottay et al. in this issue). Emerging nanoprocessing applications could take advantage of the high-resolution feature fabrication offered by ultrafast lasers coupled to scanning probes. 3 Many challenges, however, remain before we can achieve the signifi cant impact that ultrafast laser synthesis and processing promises. Many applications cannot be implemented on a commercial scale until higher average power lasers and, more importantly perhaps, both high peak power and high average power lasers with high stability and reliability are available. Current experimental and computational tools to study the earliest time scales continue to develop, but still need signifi cant improvement. It has been clear throughout the history of ultrafast laser interactions of materials that what happens during the fi rst few picoseconds (ps) does not stay in the fi rst few ps. Rather, these short-lived events dictate a Advances and opportunities of ultrafast laser synthesis and processing Steven M. Yalisove , Koji Sugioka , and Costas P. Grigoropoulos ,
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broad set of cascading mechanisms that can persist for microseconds and, in some cases, for seconds. 4 These mechanisms can drive the fi nal state of the material phase, morphology, microstructure, and composition. These changes can be permanent or reversible.
The articles in this issue cover broad aspects of ultrafast laser synthesis and processing, from the fundamental interactions at the shortest time scales to a wide range of applications. What may not be as evident in this theme is some of the other emerging opportunities that result from the extreme material states that can be driven by an ultrafast laser. This introductory article explores these opportunities.
Electronic structure modifi cation
Early time scales for laser-solid interactions begin when intense electric (and magnetic, if relativistic intensities are reached) fi elds interact with the electrons in a solid. Precise control of the resulting electron energies and occupancy in states can be accomplished with the simple (in theory) parameters of laser intensity, pulse duration, and wavelength. Much has also been written about the opportunities to use temporal pulse shaping to induce chemistry 5 -but these are usually at lower intensities than we are considering here; this issue is focused on how to ablate, melt, and introduce defects in materials.
When electrons acquire energy from an ultrafast laser pulse, they go into higher energy states in the unoccupied band structure of the material, or they leave the material entirely. These electrons acquire temperatures on the order of thousands of degrees Kelvin, while the ions remain near room temperature. This highly nonequilibrium state persists for as much as 10-20 ps, depending on the material. 6 , 7 The interaction of the material with the laser will depend strongly on the type of bonding that is present in the material, and also depend on the intensity of the laser. Metals behave differently than semiconductors, which behave differently than insulators. Each of the different mechanisms of ablation can lead to interesting applications. The simplest to understand and the fi rst to be developed is the interaction of ultrafast light with metals. Here, electrons are excited and then equilibrate, a few ps later, with the metal ions via electron phonon coupling. The earliest model for this was the two-temperature model, which continues to serve us well. 8 When electrons equilibrate with the metal, they cause rapid heating upon electron-ion recombination. This leads to the phenomenon that is generally referred to as ultrafast melting in metals 9 and semiconductors, 10 as it is completely controlled by the electronic structure relaxation. Another way to think about ultrafast melting is that the ions lose their crystallinity before they acquire a Maxwellian velocity distribution. The so-called "non-thermal melting" may in fact happen in the few ps scale, as quantitatively shown in the x-ray pump and probe experiments. 11 Subsequently, and in a slower transition in the tens of ps range, the ions can be heated up to temperatures above their melting or boiling point, depending on the excitation energy. The material melts and becomes liquid on time scales shorter than thermal expansion can begin. As a result, when expansion becomes dominant, a few ps after the laser has irradiated the material, the material expands rather violently and launches a shock wave into the material and a rarefaction wave away from the material. 12 While the absorption depth of the laser is on the order of the skin depth of a metal, the electrons diffuse fast and deeper into the material to then transfer energy to the lattice system via collisions. The free volume in the liquid coalesces into voids about halfway through the molten region because that is where the tensile stress from the rarefaction wave is at its maximum, 13 similar to cavitation.
This model also works well for semiconductors such as Si, Ge, or GaAs, where the absorption depth for 800 nm laser light is several microns at low intensities. This is because the fi rst optical cycle of a high-intensity pulse can promote a suffi cient number of electrons to the conduction band to convert the material to a state more like a metal. This is the physical basis for the phenomena called bandgap closure.
14 Hence the interaction volume for absorption in semiconductors will quickly collapse to the skin depth of the newly formed "metal."
This process of liquid spallation is a dominant mechanism of material removal for metals and semiconductors at fl uences close to the material removal threshold. Other mechanisms include phase explosion, 15 Coulomb explosion in dielectrics, 16 , 17 and even mechanical exfoliation of 2D materials (see the Yoo et al. article in this issue). In materials such as polymers, photochemistry can induce phase changes, as can irradiation of transparent oxides such as glass, where the focused intensity can induce a structural phase change or densifi cation. 18 -20 This densifi ed region has a different refractive index and can be used for guiding light. 21 It can also be used to create regions where chemical attack/etching is greatly enhanced for producing microfl uidic and microelectromechanical system (MEMS) devices 22 (see the Jiang et al. article in this issue). Each of these fundamental mechanisms for material removal or transformation has allowed or enhanced a large number of applications envisaged by creative researchers around the world. Every one of these mechanisms has reached the commercial market after only 20 years of study. Yet, much work remains to be done to develop a far more detailed understanding of many of the atomistic or electronic processes involved. There are likely still many more mechanisms that have not even been discovered yet.
Much of the potential of ultrafast laser-solid interactions exists in understanding the material response mechanisms that occur when materials are pushed into extreme conditions. This largely unexplored area of materials processing is the focus of many of the articles in this theme issue. In their article, Shugaev et al. include advances in simulation and modeling of materials with atomistic and continuum methods. These are already providing insights into the role that early time scale interactions play in eventually driving a cascading set of material responses. This is also illustrated in the Abere et al. article on surface morphological modifi cation in metals, polymers, and semiconductors where incubation effects alter absorption, and an accumulation of defects leads to massive rearrangement of near-surface atoms, creating morphological changes without ablation or melting. Continued research into how materials absorb energy on these short time scales and how these materials respond to the extreme conditions represent a signifi cant opportunity to synthesize and process materials. Not always appreciated is what "extreme" means in the context of materials science.
Extreme shock, extreme heating rates, extreme quenching
Ultrafast laser-induced shock processing started more than 15 years ago with seminal work in chemistry that used shock waves to synthesize organic compounds. 23 , 24 While this excellent work is not covered in this issue, it should be clear from the articles that we have greatly enhanced our fundamental understanding of energy transfer to materials. We now have more advanced computational capabilities as well as emerging time-resolved experimental techniques available that work well on the ps time scale of interest for pressure-induced phenomena.
Ultrafast laser interactions with materials can drive shock waves that have unprecedented peak pressures in a material, using tabletop experiments. Blast waves with 800 GPa can be generated with a 1 W average power laser. While these are not useful for certain types of research (e.g., gas gun and projectile impact studies), because the shock waves are only a few ps wide, they can be applied to understand the collateral damage that occurs during ultrafast machining. Not only does the peak pressure exceed the Young's modulus in nearly every solid, the strain rates approach the highest that can be produced. This alone offers an exciting opportunity to modify materials using these extreme conditions. Ultrafast laser-induced shock has recently been shown to represent an alternative approach to swift heavy ion (SHI) accelerators for studying radiation damage in materials from fi ssionable particles. 25 This represents a new direction for ultrafast laser material research with the ability to use pumpprobe methods to study, for instance, the dynamics of how complex oxide materials, of importance to nuclear fuel cladding applications, undergo phase transformations resulting from defect accumulation, dislocation-driven transformation, and pressure-induced phase transformation. 25 Ultrafast laser interactions with materials are an excellent match for the energy deposition per nanometer and the interaction time scale of swift heavy ions. While it will only be a useful surrogate technique and require careful SHI studies, it offers an opportunity to explore a much wider range of materials at lower cost.
In the context of "extreme heating and quenching," many in the materials community consider 10 4 or 10 5 degrees per second heating/quenching rates to be extreme. Several of the articles in this issue demonstrate that ultrafast melting can heat materials as much as 10 12 degrees per second. This also leads to extreme strain rates as mentioned earlier. The other opportunity that ultrafast laser processing of materials offers is that the excitation depth is shallow compared to the thermal diffusion depth driven by longer pulses. When a thin layer of material that sits on a high thermal conductivity substrate is heated well above the melting point, rapid quench rates can be achieved. Shugaev et al. discuss achieving quench rates on the order of 10 12 degrees per second. In fact, recent work 26 has shown that these high heating and quench rates may push materials into the vapor dome, a region in the density versus temperature phase diagram where liquid and vapor coexist. The top of the vapor dome, sometimes called the critical phase-separation region, is an interesting part of this phase fi eld, because that is where one needs to drive a material to access phase explosion. In the vapor dome near the critical point, the liquid phase is thermodynamically unstable and will homogeneously nucleate vapor in ps. 15 This work 26 suggests that if one can drive a material into the vapor dome via extreme heating rates and then drive it out again via extreme quenching rates, nucleation of gas bubbles at a liquid-solid interface is induced, resulting in novel material removal mechanisms. This is illustrated in Figure 1 . Here, postmortem characterization, time-resolved microscopy, and hydrodynamic simulation indicate that removal from the metal-substrate interface occurs by rapid heterogeneous nucleation and growth of vapor near the time the irradiated metal enters the vapor dome. It was speculated that vapor bubbles form without kinetically limited nucleation, similar to spinodal decomposition. Forcing materials into these exotic phase fi elds offers novel processing opportunities.
Opportunities for transparent materials and organic materials
Nonlinear interactions of ultrafast lasers with transparent materials, especially glasses, due to the extremely high peak intensity, have seen a signifi cant level of interest and commercialization. This distinct feature offers three different schemes in 3D micro-and nanoprocessing, subtractive, undeformative, and additive processing. 27 As described in the article by Jiang et al. in this issue, several products are available that take advantage of ultrafast laser 3D densifi cation that occurs in glasses that allow these regions to etch far more quickly than others. This has spawned the fi eld of glass MEMS devices. Each year, we see new and interesting results in this area, from 3D generation of layered structures via a Fabry-Pérot mechanism, 28 to the kinds of applications discussed in the article by Jiang et al.
Much work has also taken advantage of fl uence-controlled multiphoton photochemistry to produce 3D structures using a scanning focused ultrafast laser 29 (see the Jiang et al. and Stratakis et al. articles in this issue). The ability to work with biological materials using these mechanisms has led to the use of ultrafast lasers in tissue engineering 30 and other emerging fi elds. Using ultrafast lasers to process carbon-based materials such as graphene is also well reviewed (see Yoo et al. in this issue) and is an important current area of research.
The challenges
Ultrafast laser synthesis and processing of materials is an emerging fi eld. Fundamental details of the dynamics of interaction are still elusive at many time and length scales. Yet, new experimental, theoretical, and computational methods promise new ways to address this challenge. The future of ultrafast lasersolid interactions may well depend on how the community of researchers is able to combine lasers with some of these new tools. This, of course, is challenging.
New quantum molecular dynamics (MD) approaches 31 to study the early time scales are now possible with ever faster processing. So too is our ability to use MD to extend our study to larger time scales (see Shugaev et al. in this issue). Coupling the laser fi eld and accounting for the myriad of challenging physics that results remains a challenge-but one that is being addressed every day. Perhaps some of the most exciting opportunities to address the challenge will come from the highfi eld ultrafast laser community. High-intensity relativistic laser research has made it possible to create ultrashort x-ray pulses via wakefi eld electron acceleration that are brighter than fourthgeneration synchrotrons. 32 , 33 The entire fi eld of attosecond science may revolutionize our ability to study materials on sub-fs time scales, subnanometer length scales, and even study the dynamics of electronic structure on fs time scales. 34 , 35 As we discover new phenomena experimentally and theoretically that may have an impact on real-world applications, we have additional challenges. Ultrafast lasers are currently expensive and do not have the high average power that is needed for commercial manufacturing. There are two signifi cant aspects of this problem that the articles in this issue address. The fi rst is that without high payoff applications, there will not be the will by companies or funding agencies to invest in developing the kind of lasers that are needed. This research community must continue to be creative and innovative with our exploitation of the new physics emerging in our laboratories. The second is that to develop high average power lasers requires new technology. The latter challenge is addressed in the article by Mottay et al. in this issue, including the leading edge of fi ber and disc laser approaches to building high average power fs lasers. There is a clear roadmap to building kilowatt average power lasers for manufacturing. As long as the community can continue to discover and invent high payoff applications, these lasers will become a reality.
The vision
Gérard Mourou, one of the inventors of the chirped pulse amplifi er that enabled much of what is described in the articles in this issue has often said that "research is the locomotive that drives technology." Ultrafast laser material synthesis and processing of materials is a perfect illustration of that maxim. Perhaps the most exciting thing about the fi eld is that there continues to be a wealth of new fundamental research in ultrafast fi ber and disc lasers, attosecond science, extreme high fi eld science with the emergence of the Extreme Light Infrastructure Project in Europe that is building an exawatt laser, 36 , 37 and even the early zeptosecond-zetawatt efforts. 38 The future of this fi eld is very bright indeed. Koji Sugioka is a unit leader of the RIKEN-SIOM Joint Research Unit at the RIKEN Center for Advanced Photonics, Japan. He is also a guest professor at Kyoto University and Tokyo Denki University. He received his BS degree in 1984, Ms. Eng. degree in 1986, and Dr. Eng. degree in 1993, all from Waseda University, Japan. His research interests include ultrafast laser processing for microfl uidic, optofl uidic, microelectronic, and optoelectronic applications. He is a board member of the Laser Institute of America and the Japanese Laser Processing Society, and a Fellow of SPIE and OSA. Sugioka can be reached by email at ksugioka@riken.jp .
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